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[57] ABSTRACT

A signal delay circuit is provided which includes first
and second circuits arranged parallel to each other, the
first circuit having serially connected first and second
transistors and the second circuit having a third transis-
tor, and a fourth transistor connected from the common
point between the first and second transistors to the
second circuit, a signal is applied to one end of the
parallelly arranged first and second circuits while the
first, second and fourth transistors are turned on with
the third transistor being turned off.

23 Claims, 3 Drawing Sheets
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1
TRANSISTOR DELAY CIRCUITS

TECHNICAL FIELD

This invention relates to field effect transistor (FET)
delay circuits and, more particularly, to complementary
metal oxide semiconductor (CMOS) FET delay circuits
of the integrated circuit type which may be formed in a
semiconductor substrate, such as silicon.

BACKGROUND ART

At times it is desired to delay signals, such as binary
logic signals, for timing considerations, such as race
conditions caused by high speed circuits or paths, skew-
ing of off-chip driver switching to reduce power bus
noise, or other such reasons.

Circuits for producing signal delay are well known in
the prior art. One known type of signal delay circuit is
the basic resistor-capacitor or RC circuit. This type of
delay circuit is disclosed in, e.g., U.S. Pat. No.
4,430,587, filed Jan. 13, 1982, entitled “MOS FIXED
DELAY CIRCUIT”, and U.S. Pat. No. 4,516,312, filed
Feb. 10, 1982, entitled “METHOD FOR CON-
STRUCTING DELAY CIRCUITS IN A MASTER
SLICE IC”. Another known type of delay circuit is
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implemented by an inverter or a series of inverters as -

disclosed in, e.g., U.S. Pat. No. 4,476,401, filed Jan. 31,
1983, entitled “WRITE STROBE GENERATOR
FOR CLOCK SYNCHRONIZED MEMORY?”, and
U.S. Pat. No. 4,700,089, filed Aug. 20, 1985, entitled
“DELAY CIRCUIT FOR GATE-ARRAY LSI”. A
further known type of delay circuit is disclosed in U.S.
Pat. No. 4,388,538, filed Sept. 29, 1980, entitled
"DELAY SIGNAL GENERATING CIRCUIT”,
which is implemented in N-channel field effect transis-
tor or NMOS technology and which uses a bootstrap
operation and depletion devices. Although not designed
as a signal delay circuit, U.S. Pat. No. 4,511,814, filed
Nov. 29, 1982, entitled “SEMICONDUCTOR ANA-
LOG SWITCH CIRCUIT WITH COMPENSATION
MEANS TO MINIMIZE OFFSET OF CIRCUIT
VOLTAGE?”, discloses a circuit having a pass gate or,
more particularly, parallelly connected CMOS transis-
tors, through which signals pass from an input terminal
to an output terminal.

Disclosure of the Invention

It is an object of this invention to provide an im-
proved signal delay circuit which uses minimal surface
area on a semiconductor substrate or chip and minimal
power, yet which is expandable for selectable and vari-
ous amounts of time delays, while reducing testability
COncerns. |

In accordance with the teachings of this invention, a
delay circuit is provided which includes first and sec-
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second circuit having a third transistor of a conductiv-
ity type opposite to that of the given type conductivity,
a fourth transistor connected from the common point
between the first and second transistors to the second
circuit, means for applying a given signal to one end of
the parallelly arranged first and second circuits, and
means for applying a signal which is the complement of
the given signal to the control electrodes of the transis-
tors.

The foregoing and other objects, features and advan-
tages of the invention will be apparent from the follow-
ing more particular description of the preferred embodi-
ments of the invention, as illustrated in the accompany-
ing drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a circuit diagram of a preferred embodiment
of the present invention,

FIG. 2 illustrates a cross-sectional view taken
through a silicon substrate of a first series circuit of
P-channel transistors and of a second series circuit of
N-channel transistors used in the circuit of FIG. 1,

FIG. 3 is a pulse program of the voltages at various
points or nodes in the circuit of FIG. 1 plotted against
time, and

F1G. 4 1s a circuit diagram similar to that of FIG. 1
but with additional buffers and stages which provides
an expanded non-inverted output signal delay.

BEST MODE FOR CARRYING OUT THE
INVENTION

Referring to FIG. 1 of the drawings in more detail,
there is shown a circuit diagram of a preferred embodi-
ment of the CMOS FET delay circuit of the present
invention. The circuit, being made in the CMOS tech-
nology, has its P-channel field effect transistors indi-
cated by a rectangle with a diagonal line formed therein
and a gate electrode arranged adjacent thereto and its
N-channel field effect transistors indicated by a rectan-
gle without a diagonal line and a gate electrode ar-

ranged adjacent thereto.

. The CMOS FET delay circuit of the present inven-
- tion illustrated in FIG. 1 includes a first series circuit 10

45 .

having first and second field effect transistors 12 and 14,

" respectively, of the P-channel type connected between

50

a first node A and an output terminal OUT and a second
series circuit 16 having third and fourth field effect
transistors 18 and 20, respectively, of the N-channel
type connected between the first node A and the output
terminal OUT. A second node B is located at the com-
mon point between the third and fourth N-channel

~ transistors 18 and 20 and a third node C is located at the
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ond circuits arranged parallel to each other, the first

circuit having serially connected first and second tran-

sistors and the second circuit having a third transistor,

and a fourth transistor connected from the common
point between the first and second transistors to the
second circuit, a signal is applied to one end of the
parallelly arranged first and second circuits while the
first, second and fourth transistors are turned on with
the third transistor being turned off. In a more specific
embodiment of this invention, the delay circuit includes

first and second circuits arranged parallel to each other,

the first circuit having serially connected first and sec-
ond transistors of a given type conductivity and the
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common point between the first and second transistors
12 and 14. A fifth field effect transistor 22 of the P-chan-
nel type is connected between node B and node C, and
a sixth field effect transistor 24 of the N-channel type is
also connected between node B and node C.

- P-type diffusions, preferably P+, are indicated by P

for the source/drain regions of the P-channel transistors
12, 14 and 22, and N-type diffusions, preferably N+, are

indicated by N for the source/drain regions of the N-
channel transistors 18, 20 and 24, which will be dis-
cussed in more detail hereinbelow. |
“An input terminal IN is provided for receiving an
input signal such as a binary logic signal which is con-
nected to each of the control electrodes of the transis-
tors 12, 14, 18, 20, 22 and 24. An inverter 26 of prefera-
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bly any known CMOS type is connected between the
input terminal IN and the first node A.

In FIG. 2 of the drawings there is illustrated a cross-
sectional view of the P-channel transistors 12 and 14
and the N-channel transistors 18 and 20 shown in FIG.
1 taken through a silicon substrate 28 having a P-type
conductivity. Elements in FIG. 2 which are similar to
corresponding elements in FIG. 1 are provided with the
same reference characters. As shown in FIG. 2 the
substrate 28 includes an N-well 30 with a thin layer of
silicon dioxide 32 formed on the surface thereof. Re-
cessed oxide regions ROX are disposed at the edges of
the N-well to electrically isolate the N-well from the
remainder of the substrate, as is well known. As can be
seen in FIG. 2, the first and second P-channel transis-
tors 12 and 14 are formed in the N-well 30. Transistor 12
includes the P-type diffusions P of the source/drain
regions forming capacitive or P-N junctions with the
N-type conductivity N-well 30 identified as capacttors
C1 and C2, and transistor 14 includes the P-type diffu-
sions P of the source/drain regions forming capacitive
or P-N junctions with the N-type conductivity N-well
30 identified as capacitor C3 and the capacitor C2,
~ which is common to both transistors 12 and 14. Control
or gate electrodes for the transistors 12 and 14 are indi-
cated at G. As is known, the impurity used for the P-
type diffusions may be boron.

The N-channel transistors 18 and 20 are formed at the
surface of the substrate 28 outside of the N-well 30. The
transistor 18 includes the N-type diffusions N of the
source/drain regions forming capacitive or P-N junc-
tions with the P-type conductivity sitlicon substrate 28
identified as capacitors C4 and C§, and transistor 20
includes the N-type diffusions N of the source/drain
regions forming capacitive or P-N junctions with the
P-type conductivity silicon substrate 28 identified as
capacitor C6 and the capacitor C§, which is common to
both transistors 18 and 20. Control or gate electrodes
for the transistors 18 and 20 are indicated at G. As is
known, the impurity used for the N-type diffusions may
be arsenic or phosphorous.

As 1s also known, the region below the gate elec-
trodes at the surface of the semiconductor substrate
between the source/drain regions of the transistors 12,
14, 18 and 20 is the channel region which when inverted
permits electrical conduction between the node A and
the terminal QUT. Thus, when the P-channel transistors
12 and 14 are turned on current flows between node A
and the output terminal OUT through a resistive path
indicated as R1 which includes the P-channel transis-
tors 12 and 14, as can be seen in FIG. 2 of the drawings,
and when the N-channel transistors 18 and 20 are turned
on current flows between node A and the output termu-
nal OUT through a resistive path indicated as R2 which
includes the N-channel transistors 18 and 20.

In order to better understand the operation of the
invention, reference may be had to the pulse program
shown in FIG. 3 of the drawings along with the circuit
diagram of FIG. 1 and the cross-sectional view of FIG.
2. As can be seen from the graph of FIG. 3, wherein
voltage 1s plotted againsi time at the input terminal IN,
the output terminal OUT and the nodes A,B and C,
when the voltage at terminal IN is at 0 volts, the voltage
at the nodes A, B and C and at terminal OUT 1s at Vdd
or 3 volts, since each of these points of the delay circuit
are connected to the output of the inverter 26. At time
to, the voltage begins to rise toward Vdd and when at
time t; it reaches Vdd/2, the approximate switch point
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of the inverter 26, the voltage at the output of the in-
verter 26, i.e., at node A, will begin to fall due to the
discharge of node A through the inverter 26. Since the
voltage at node A is falling and the voltage at the con-
trol electrodes of the N-channel transistors 18 and 20 is
rising, the voltage at node B also begins to fall due to
the turn on of the transistor 18. With the voltage at node
B continuing to fall and the voltage at the input terminal
IN continuing to rise, the N-channel transistors 20 and
24 turn on to drop the voltage at the output terminal

OUT and at node C, as indicated in FIG. 3. At time {3,
the voltage at the output terminal OUT {falls to Vdd/2,
with the delay in the signal from the input terminal IN
to the output terminal OUT being equal to time t2 minus
time t;. The voltage at the output terminal OUT thereaf-
ter falls to O volts at time t3, with the voltage at the input

- terminal IN being at Vdd volts.
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At time ts, the voltage at the input terminal IN is
lowered toward O volts, with the input voltage being at
Vdd/2 at time ts. At time Ts, the voltage at node A
begins to rise due to the charge received {from the in-
verter 26. With the rise of the voltage at node A and the
fall of the voltage at the input terminal IN, the P-chan-
nel transistor 12 turns on to begin charging up node C.
With charge accumulating on node C, P-channel tran-
sistors 14 and 22 turn on to begin charging the output
terminal OUT and the node B. At time tg, the voltage at
the output terminal reaches a value of Vdd/2 and at
time t7 the output voltage is the full power supply volt-
age of Vdd volts.

It should be noted that depending upon the character-
istics of the circuit, especially of the P-channel transis-
tors 14 and 22, the voltage at node B could rise sooner
or later than that of the output terminal OUT, or simul-
taneously therewith. Likewise, depending upon the
characteristics of the circuit, especially of the N-chan-
nel transistors 20 and 24, the voltage at node C could
fall sooner or later than that of the output terminal OUT
between the times t; and t3. It should be noted further
that the fall delay and the rise delay of the output volt-
age may, if desired, be made unequal by merely altering
the characteristics of the transistors in the two different
paths, i.e., the RC time constant produced by resistive
path R1 and capacitors C1, C2 and C3 in the series
circuit which includes P-channel transistors 12 and 14
may be made different from the RC time constant pro-
duced by resistive path R2 and capacitors C4, C35 and
C6 in the series circuit which includes N-channel tran-
sistors 18 and 20. It should also be noted that the addi-
tion of the P-channel transistor 22 and the N-channel
transistor 24 significantly increases the capacitance of
the two paths between the node A and the output termi-
nal OUT by adding the capacitance at node B and node
C, respectively. Furthermore, by using transistors 22
and 24, node C and node B, respectively, are reset to
insure maximum delay at the next transttion of the sig-
nal. It is known that the capacitance values of the ca-
pacitors of the circuit, such as capacitors C1, C2, C3,
C4, C5 and C6, and the resistance values of resistors R1
and R2 may be altered by using various impurities as
well as different concentrations thereof in the substrate,
especially in the source/drain regions, or by altering the
sizes of the various elements in the circuit, e.g., using
different beta ratios, 1.e., transistor channel width to
length ratios. Thus, if desired, the rising delay of the
signal, or voltage at the output terminal may be made
longer or shorter than that of the falling delay, or they
may be made equal to each other, 1.e., the rising delay,
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time t¢ minus time ts, may be equal to the falling delay,
time t; minus time ty, taken at the voltage level Vdd/2,
the effective switch point of the transistors, as indicated
in FIG. 3 of the drawings.

To provide a non-inverting delay circuit in accor-
dance with the teachings of this invention as well as a
longer delay period, the embodiment illustrated in FIG.
4 may be used. In the circuit of FIG. 4 elements similar
to those of the circuit of FIG. 1 have been identified

with the same reference characters. The signal delay
circuit of FIG. 4 includes a first series circuit having the
P-channel transistors 12 and 14 and added P-channel
transistors 12’ and 14’ connected between the node A
and the output terminal OUT and a second series circuit
having the N-channel transistors 18 and 20 and added
N-channel transistors 18" and 20’ also connected be-
tween the node A and the output terminal OUT. Node
B’ is located at the common point between the N-chan-
nel transistors 20 and 18’ and node B” is located at the
common point between N-channel transistors 18’ and
20°. Node C’' is located at the common point between
P-channel transistors 14 and 12’ and node C” is located
at the common point between transistors 12’ and 14' A
P-channel transistor 22’ is connected between nodes B’
and C’ and an N-channel transistor 24’ is also connected
between nodes B’ and C'. A P-channel transistor 22" is
connected between nodes B” and C” and an N-channel
transistor 24" is also connected between nodes B”' and
C".

The signal delay circuit of FIG. 4 also includes a
second inverter 26’ having an input connected to the
node A and an output connected to a terminal IN’
which is connected to the control or gate electrodes of
each of the transistors connected between the node A
and the output terminal OUT. A higher driving voltage
is provided by connecting these control electrodes to
the output of the second inverter 26’ than to the input
terminal IN. A third inverter 26" having an input con-
nected to the output terminal OUT and an output con-
nected to an output terminal QUT is provided to pro-
duce a non-inverted output signal. It should be under-
stood that additional stages of delay in accordance with
the teaching of this invention may be inserted between
the node A and the output terminal OUT if even longer
delay times are required. -

The circuit of FIG. 4 operates in the same manner as
that of FIG. 1 except that additional stages have been
provided to increase the RC time constant of the circuit.

It should be noted that the signal delay circuit of the
present invention provides an output voltage which
swings between full supply voltage Vdd and ground in
view of the use of the P-channel transistors for charging
the output terminal OUT and the use of the N-channel
transistors for discharging the output terminal

It can be seen that a signal delay circuit has been
disclosed which requires only one inverter and, there-
fore, uses minimal switching power, up to 50% less
power per unit delay, and which can be made within a
very small surface area of the semiconductor substrate
per nanosecond of delay due to the arrangement of the
CMOS transistors in the circuit, up to two times more
delay per unit area. Furthermore, the delay circuit,
which is very useful in an automated design environ-
ment, 1S readily expandable to provide desired delay
periods, while reducing testability concerns since only
one path, i.e., the N-channel device path or the P-chan-
nel device path, conducts in a cycle to more readily
detect fault mechanisms. Also, this delay circuit pro-

- the mvention.

10

15

20

25

30

35

435

6

vides flexible implementation of asymmetric delay be-
tween the rise delay and fall delay of the input signal.

While the invention has been particularly shown and
described with reference to preferred embodiments
thereof, it will be understood by those skilled in the art
that various changes in form and details may be made
therein without departing from the spirit and scope of

What is claimed is:

1. A signal delay circuit comprising

an input terminal,

an output terminal,

first and second circuits arranged parallel to each
other and disposed between said input and output
terminals, said first circuit having serially con-
nected first and second transistors and said second
circuit having a third transistor,

a fourth transistor connected from the common point
between said first and second transistors to said
second circuit,

means for applying a signal to said parallelly arranged
first and second circuits,

turning on said first, second and fourth transistors,
and means for selectively turning on said third
transistor.

2. A signal delay circuit as set forth in claim 1
wherein said first, second and fourth transistors are
N-channel field effect transistors and said third transis-
tor 1s a P-channel field effect transistor.

3. A signal delay circuit as set forth in claim 1
wherein said first, second and fourth transistors are
P-channel field effect transistors and said third transis-
tor 1s an N-channel field effect transistor.

4. A signal delay circuit as set forth in claim 2 further
including an inverter having an input and an output,
said signal being derived from the output of said in-
verter and said turning on means being connected to the
input of said inverter.

5. A signal delay circuit as set forth in claim 1
wherein said fourth transistor is connected to said sec-
ond circuit at a point between said third transistor and
said output terminal. |

6. A signal delay circuit as set forth in claim §
wherein said second circuit has a fifth transistor serially
connected with said third transistor and said fourth

. transistor is connected to said second circuit at a com-
. mon.point between said third and fifth transistors.
. T:-A signal delay circuit comprising |
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first and second circuits coupled in parallel to each
other, said first circuit having serially connected
first and second transistors of a given type conduc-
tivity and said second circuit having a third transis-
tor of a conductivity type opposite to that of said
given type conductivity,

a fourth transistor connected from the common point
between said first and second transistors to said
second circuit, |

means for applying a given signal to said first and
second circuits, and

means for applying a signal which is the complement
of said given signal to the control electrodes of said
transistors. | |

8. A signal delay circuit as set forth in claim 7

wheremn said first, second and fourth transistors are
N-channel field effect transistors and said third transis-
tor 1s a P-channel field effect transistor. |

9. A signal delay circuit as set forth in claim 7

wherein said first, second and fourth transistors are
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P-channel field effect transistors and said third transis-
tor is an N-channel field effect transistor.

10. A signal delay circuit as set forth in claim S fur-
ther including a first inverter having an input and an
output, said signals being derived from the input and
output of said inverter.

11. A signal delay circuit as set forth in claim 10
wherein the output of said inverter is coupled to said
first and second circuits and the input of said inverter 1s
coupled to the control electrodes of said transistors.

12. A signal delay circuit as set forth in claim 10
wherein the input of said inverter is coupled to said first
and second circuits and the output of said inverter is
coupled to the control electrodes of said transistors.

13. A signal delay circuit as set forth in claim 12
further including an input terminal and a second in-
verter having an input and an output, the mput of said
second inverter being connected to said input terminal
and the output of said second inverter being connected
to the input of said first inverter.

14. A signal delay circuit as set forth in claim 13
further including an output terminal and a third inverter
having an input and an output, said first and second
circuits being connected at one end to the input of said
first inverter and at the other end to the input of said
third inverter, the output of said third inverter being
connected to said output terminal.

15. A signal delay cirucit as set forth in claim 14
wherein said inverters include P-channel and N-channel
field effect transistors.

16. A signal delay circuit comprising

first and second circuits connected in parallel with
each other, said first circuit including seriaily con-
nected first and second transistors of a given type
conductivity and said second circuit including seri-
ally connected third and fourth transistors of a
conductivity type opposite to that of said given
type conductivity,

a fifth transistor of said given type conductivity con-
nected from the common point between said first
and second transistors to the common point be-
tween said third and fourth transistors,

a sixth transistor of said opposite type conductivity
connected from the common point between said
first and second tramsistors to the common point
between said third and fourth transistors,

means for applying a given signal to said parallelly
arranged first and second circuits, and

means for applying a signal which is the complement
of said given signal to the control electrodes of said
transistors.

17. A signal delay circuit as set forth in claim 16
wherein said first, second and fifth transistors are N-
channel field effect transistors and said third, fourth and
sixth transistors are P-channel field effect transistors.

18. A signal delay circuit as set forth in claim 15
including an inverter having an input and an output,
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8

said signals being derived from the input and output of
sald inverter.

19. A signal delay circuit as set forth in claim wherein
the output of said inverter is coupled to said parallelly
arranged first and second circuits and the input of said
inverter is coupled to the control electrodes of said
transistors.

20. A signal delay circuit as set forth in claim 18
wherein the input of said inverter is coupled to said first
and second circuits and the output of said inverter 1s
coupled to the control electrodes of said transistors.

21. A signal delay circuit as set forth in claim 16
wherein said first circuit has a first resistance having a
first value and said second circuit has a second resis-
tance having a second value which differs from that of
the first value, and each of said tramsistors is a field
effect transistor having source/drain regions forming a
capacitive P-N junction with a semiconductor sub-
strate, said P-N junctions forming a first capacitor hav-
ing a first value when said transistors of said given type
conductivity are turned on and said P-N junctions form-
ing a second capacitor having a second value when said
transistors of said opposite type conductivity are turned
on which differs from said first capacitor value.

22. A signal delay circuit comprising

an input terminal,

an output terminal,

a first series circuit including first and second N-chan-
nel field effect transistors having a first common
node therebetween connected between said input
and output terminals,

a third N-channel field effect transistor having one
end thereof including said first common node, said
first common node being an N-type conductivity
diffusion region forming a P-N junction with a
P-type semiconductor substrate,

a second series circuit including first and second P-
channel field effect tranmsistors having a second
common node therebetween connected between
said input and output terminals,

a third P-channel field effect transistor having one
end thereof including said second common node,
said second common node being a P-type conduc-
tivity diffusion region forming a P-IN junction with
an N-type semiconductor substrate,

means for connecting the other end of said third P-
channel transistor to said first common node and
for connecting the other end of said third N-chan-
nel transistor to said second common node,

means for applying a given signal to said input termi-
nal, and

means for applying a signal which is the complement
of said given signal to the control electrodes of said
transistors.

23. A signal delay circuit as set forth in claim 22

wherein said N-type semiconductor substrate is an N-

well disposed within a P-type semiconductor substrate.
- ¥ o w L
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